Santorini caldera has had a long history of plinian eruptions and caldera collapses, separated by 20-40 kyr interplinian periods. We have carried out a study to constrain magma storage/extraction depths beneath the caldera. We analysed H 2 O in 138 olivine-, pyroxene-and plagioclase-hosted melt inclusions from plinian and interplinian products from the last 200 kyr, and CO 2 , S, Cl, F and dD in various subsets of these. The dataset includes 64 inclusions in products of the Minoan plinian eruption of the late 17th century BCE. All the melt inclusions were ellipsoidal and isolated, with no textural evidence for volatile leakage. Mafic melt inclusions contain 1-4 wt % H 2 O and up to 1200 ppm CO 2 , 1200 ppm S, 2000 ppm Cl and 400 ppm F; silicic inclusions contain 2-7 wt % H 2 O, up to 150 ppm CO 2 , up to 400 ppm S, 2000-6000 ppm Cl and 600-1000 ppm F. The dD values of 27 representative inclusions (-37 to -104%) are intermediate between mantle and slab values and rule out significant H 2 O loss by hydrogen diffusion from olivine-hosted inclusions. H 2 O, S and Cl behave compatibly in melt inclusion suites varying from mafic to silicic in composition, showing that entrapment of many melt inclusions took place under volatile-saturated conditions. Most Santorini melts are saturated in a free COHSCl vapour phase at depths of less than $10 km; the only exceptions are basaltic melts from a single interplinian eruption, which were volatile-undersaturated up to K 2 O contents of $1 wt %. The rhyolitic melt of the Minoan eruption probably contained a free hypersaline liquid phase. H 2 O þ CO 2 saturation pressures were calculated using suitably calibrated solubility models to estimate pre-eruptive magma storage depths. Magmas feeding plinian eruptions were stored at >4 km (>100 MPa) and extracted over depth intervals of several kilometres. Plagioclase phenocrysts in rhyodacitic pumice from the Minoan eruption have cores containing melt inclusions trapped at depths up to 10-12 km (320 MPa), and rims (also orthopyroxene and clinopyroxene) containing inclusions trapped at 4-6 km (100-160 MPa). This records late-stage silicic replenishment of a <2 km thick shallow magma chamber, rather than extraction of melts syneruptively over the entire depth range. The plagioclase cores were carried from depth in the ascending melt, then overgrown by the rims in the shallow chamber. Exsolution of volatiles during ascent may have caused the replenishment melt to inject as a bubbly plume, causing mixing prior to eruption. This would explain (1) the homogeneity of the Minoan rhyodacitic magma, and (2) extraction of melt inclusions from the entire pressure spectrum during the first eruptive phase. Most silicic magmas feeding eruptions of the interplinian periods were stored in reservoirs at shallow depths (2-3 km) compared with those feeding the plinian eruptions (>4 km). Melt inclusions from the AD 726 eruption of Kameni Volcano yield a pre-eruptive storage depth of $4 km, which is similar to that estimated from geodetic data for the inflation source during the 2011-2012 period of caldera V C The Author 2016. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
The crustal magma plumbing system beneath a volcano exerts a strong control on eruptive behaviour and hazards (see reviews by Cashman & Sparks, 2013; Cashman & Giordano, 2014) . Pre-eruptive storage conditions determine initial magma properties such as pressure, temperature, volatile content and volatile composition, which in turn influence eruption dynamics (Colucci et al., 2014) . Magma ascending from deep to shallow crustal levels can inject to form high-level lenses of eruptible magma, or replenish and remobilize extant bodies of crystal mush, resulting in rapid buildup to eruption (Annen et al., 2006; Bachmann & Berganz, 2008; Druitt et al., 2012; Menand et al., 2015) . Knowledge of past plumbing system architectures is useful for the interpretation of geodetic and seismic data during periods of unrest (e.g. Blundy et al., 2008; Arienzo et al., 2010; Muir et al., 2014) . Volatile contents of phenocryst-hosted melt inclusions (MIs) can be used to petrologically image the magma storage system if the degree of multi-species volatile saturation is known, and if accurate, appropriately calibrated, solubility laws exist (Wallace, 2005; Moore, 2008) . Melt inclusions have been used to probe magma storage levels beneath silicic caldera volcanoes prior to individual eruptions, such as Bishop, Oruanui and Kos Plateau (Wallace et al., 1995; Lui et al., 2005; Bachmann et al., 2009) . Temporal variations of pre-eruptive magma storage depth with time within tight chrono-stratigraphic contexts have, however, been documented at only a few caldera volcanoes such as Toba (Chesner & Luhr, 2010) and Mount Mazama (Wright et al., 2012) .
Santorini is a multi-cyclic caldera complex with an eruptive history spanning half a million years (Druitt et al., 1999) . Activity over the last $360 kyr has consisted of multiple caldera-forming plinian eruptions, alternating with interplinian periods characterized by effusive activity and weak (mostly subplinian or less) explosive eruptions. Detailed knowledge of the eruptive, structural and chemical history of the complex makes Santorini a good target for using MIs to understand the factors that control magma storage and extraction beneath calderas. We address the following questions.
First, over what range of depths were magmas extracted immediately prior to, and during, each plinian eruption? Studies of ignimbrites such as Bishop and Oruanui (Wallace et al., 1995; Liu et al., 2005) have shown that magma can be extracted from a surprisingly large range of depths, raising questions concerning the geometry of large silicic magma reservoirs (Cashman & Giordano, 2014) . Second, are there differences between the pre-plinian storage levels and those during interplinian periods? The 15 month period of caldera unrest at Santorini between January 2011 and March 2012 involved inflation of the caldera floor and greatly increased levels of microseismicity, and has been attributed to the shallow injection of 10-25 million m 3 of magma (Newman et al., 2012; Parks et al., 2012 Parks et al., , 2015 . Is this hypothesis consistent with magma storage levels prior to historical eruptions of the volcano?
We report the H 2 O contents of 138 phenocrysthosted melt inclusions from Santorini, most of which were also analysed for CO 2 , S, Cl and F. We also analysed a subset of inclusions for their D/H isotopic ratio to test for H 2 O loss from olivine-hosted MIs by hydrogen diffusion (Hauri, 2002; Bucholz et al., 2013) . By showing that MIs in nearly all Santorini magmas were trapped under volatile-saturated conditions, we invert the data via published solubility models to provide a time-integrated petrological snapshot of the crustal plumbing system over the last 200 kyr. Based on a set of 64 new volatile analyses of MIs from the Minoan plinian eruption of the late 17th century BCE, we place tight constraints on the thickness of the upper crustal magma reservoir that fed that eruption, as well as on the nature of an event of recharge by silicic melt that took place within about a decade prior to it.
VOLCANOLOGICAL BACKGROUND AND PREVIOUS STUDIES Santorini volcanism
Santorini is the southernmost volcanic centre of the Aegean island arc (Fig. 1) . It lies on continental crust about 25 km thick (Tirel et al., 2004) , which is partitioned into upper and lower sections, with the boundary lying at about 15 km depth (Sachpazi et al., 1997; Konstaninou, 2010) . The volcano is situated within a 40 km wide NE-SW rift zone of normal to right-lateral transtensional faults (Dimitriadis et al., 2009; Nomikou et al., 2012; Feuillet, 2013) . The caldera is 10 km north-south, 6 km west-east, and is an $45 km 2 multiple collapse structure that last subsided during the Minoan eruption of the late 17th century BCE (Druitt, 2014) . Repeated eruptions have subsequently built up a largely submarine 3 km 3 intracaldera edifice, the subaerial summits of which form the Kameni Islands (Pyle & Elliot, 2006) . The evolution of the volcanic field has been described by Druitt et al. (1999) . It is founded on a pre-volcanic island of Mesozoic limestones and Tertiary metapelites, draped and plastered by the volcanic products. The earliest dated volcanism (650-550 ka) discharged amphibole-bearing silicic tuffs and lava flows. Between 530 and 430 ka, a stratocone complex (Peristeria Volcano) was constructed in the northern half of the volcanic field. Major explosive activity began at $360 ka, and since then about 12 large-magnitude (1-100 km 3 range) plinian eruptions have occurred. The plinian eruptions all had fallout phases, most discharged ignimbrite, and most were probably accompanied by caldera collapse. Direct field evidence exists for large collapses following the Lower Pumice 2, Cape Riva and Minoan eruptions (Druitt & Francaviglia, 1992) . Plinian eruptions were separated by interplinian periods during which Fig. 1 . Simplified geological map of Santorini, with inset showing the regional location. The schematic stratigraphic column shows the main eruptive units since the onset of major explosive volcanism, about 360 kyr ago. The activity since that time can be divided into three explosive cycles, cycles 1 and 2 each ending in a pair of major caldera-forming silicic eruptions, and cycle 3 inferred to have begun with the modern-day Kameni activity. Eruptions of mainly intermediate composition are shown as blue boxes, and those of mainly silicic composition are shown as red boxes. The silicic Cape Therma 3 unit is of much smaller magnitude than the other silicic units depicted. Black boxes are sequences of interplinian tephra (named M1 to M12, after Vespa et al., 2006) , and brown boxes are prominent lava or tuff successions within the interplinian sequences (after Druitt et al., 1999) . The ages derive from K-Ar and 40 Ar/ 39 Ar dating of onland products (Druitt et al., 1999) , as well as from O-isotope wiggle matching dating of deep-sea tephra [unpublished data cited by Vespa et al. (2006) and Gertisser et al. (2009) 
prolonged effusive (and weakly explosive) activity built up intracaldera edifices, which then collapsed during the next plinian eruption. This alternation of plinian and interplinian activity has been repeated on average every 20-40 kyr. Sequences of interplinian pyroclastic products record many small-magnitude eruptions in the subplinian to violent strombolian (or less) range (some may be small-magnitude plinian). The interplinian sequences are termed M1-M12 (Fig. 1) , and they range from basaltic to rhyodacitic in composition. They have been described by Druitt et al. (1999) and Vespa et al. (2006) ; Vaggelli et al. (2009) described a scoria fall deposit from unit M12.
The volcanic products since 360 ka can be divided into two $180 kyr magmatic cycles, each commencing with eruptions of mainly mafic to intermediate composition, and terminating with a pair of large silicic plinian eruptions: Lower Pumice 1 and Lower Pumice 2 at the end of cycle 1, and Cape Riva and Minoan at the end of cycle 2 (Fig. 1 ). The present-day Kameni interplinian activity (last eruption 1950) may constitute the start of a third volcanic cycle.
Santorini magmas range from basaltic (up to $7 wt % MgO) to rhyodacitic in composition, and are transitional tholeiitic to calc-alkaline in character (Druitt et al., 1999) . Typical phase assemblages (in all but the oldest, >550 ka, products) are olivine 6 augite 6 plagioclase in basalts (<53 wt % SiO 2 ), plagioclase þ augite þ magnetite 6 olivine 6 orthopyroxene in andesites (53-63 wt % SiO 2 ), and plagioclase þ augite þ orthopyroxene þ magnetite þ ilmenite þ apatite 6 pyrrhotite 6 (rare) hornblende in dacites (63-68 wt % SiO 2 ) and rhyodacites (68-72 wt % SiO 2 ). Interstitial glasses in some rhyodacites are rhyolitic (>72 wt % SiO 2 ). The primary melt at Santorini has been estimated by back-calculation to have 9-12 wt % MgO (Nichols, 1978) . This would fractionate 6-13 wt % of olivine and small amounts of Cr-spinel and clinopyroxene to generate the most primitive basalt erupted ($7 wt % MgO). Incompatible trace element contents (e.g. K, Rb, Th, La) in the intermediate and silicic magmas decrease with time, probably as a result of changing proportions of different mantle-derived mafic magma batches entering the crust (Huijsmans et al., 1988; Druitt et al., 1999; Francalanci et al., 2005; Bailey et al., 2009; Vaggelli et al., 2009; Fabbro et al., 2013) . However, if a single time slice is considered, then Santorini magmas can be modelled well by fractional crystallization accompanied by $10% of crustal assimilation (Barton et al., 1983; Mann, 1983; Barton & Huijsmans, 1986; Huijsmans et al., 1988; Huijsmans & Barton, 1989; Druitt et al., 1999; Zellmer et al., 2000) .
Understanding of Santorini magmatism has been advanced by a recent series of phase equilibria studies on a parental basalt ($340 ka Balos basalt; And ujar et al., 2015) , a silicic andesite And ujar et al. (in preparation) , and silicic magmas of four plinian eruptions (Lower Pumice 1, Lower Pumice 2, Cape Riva and Minoan; Cadoux et al., 2014) . The experiments were carried out at 100-400 MPa, 850-1040 C, redox conditions of QFM (quartz-fayalite-magnetite) to NNO (nickel-nickel oxide) þ 3Á5, and melt H 2 O contents of 2-10 wt %. Some of the main conclusions were as follows: (1) parental basalt containing 4-6 wt % H 2 O fractionates via 60-80 wt % crystallization to silicic andesite at about 400 MPa, 1000 C and QFM; (2) silicic melts are generated by fractional crystallization at 200-400 MPa; (3) silicic melts feeding plinian eruptions are saturated with respect to H 2 O þ Cl 6 CO 2 , and in some cases a hypersaline liquid (brine) phase.
Abundant nodules of cumulate gabbro and diorite have been erupted on Santorini. Cumulate gabbros contain primocrysts of plagioclase, clinopyroxene, orthopyroxene, Fe-Ti oxides and rare olivine with intercumulus quartz, alkali feldspar, hornblende and biotite. Major element modelling reproduces the observed phase assemblages and proportions of the gabbros if they are assumed to be cumulates from andesites with 56-66% SiO 2 (Druitt et al., 1999) .
Measurements of H 2 O, S and halogens in Santorini MIs have been reported by several researchers (Sigurdsson et al., 1990; Gardner et al., 1996; Cottrell et al., 1999; Michaud et al., 2000; Gertisser et al., 2009; Vaggelli et al., 2009; Cadoux et al., 2014) . However, there are no published data for H 2 O in basaltic melts, no volatile data for interplinian products, and no measurements of CO 2 at all.
Previous estimates of pre-eruptive magma storage pressures
Previous estimates of storage pressures of <550 ka Santorini magmas have been made using mineral equilibria, phase equilibria experimentation, and geodetic modelling of deformation during the 2011-2012 period of unrest; they range from <100 to $400 MPa (Table 1) . Phase equilibria studies of the natural products have constrained pre-eruptive storage pressures for silicic pumices from the four main plinian eruptions (!200 MPa; Cadoux et al. 2014) , for a basalt from the $340 ka Balos cinder cone ($400 MPa; And ujar et al., 2015) , and for an andesite from a plinian eruption ($200 MPa; And ujar et al., in preparation). Gertisser et al. (2009) estimated a pressure of 430 6 10 MPa for the silicic Lower Pumice 2 magma body using the Al-inhornblende barometer; however, the barometer as used is probably outside its conditions of application (Johnson & Rutherford, 1989; Anderson & Smith, 1995) , and the amphibole in LP2 may be antecrystic (Cadoux et al., 2014) .
METHODS

Field sampling
Our samples were collected mostly from pyroclastic products of the second explosive cycle, but we also included the two rhyodacitic eruptions terminating cycle 1 (Lower Pumices 1 and 2), as well as one sample from the (cycle 3) Kameni edifice (Fig. 1 ). The samples (described in Table 2 ) are representative of plinian (Lower Pumice 1, Lower Pumice 2, Middle Pumice, Vourvoulos, Cape Riva and Minoan) and interplinian (M6, M7, M8, M10, M12, Kameni) eruptions; Vourvoulos is the smallest of the plinian units. The mafic interplinian units were laid down by violent strombolian to subplinian eruptions.
The samples consist of one or more fresh, glassy pyroclasts ranging from basaltic to rhyodacitic in composition, as analysed by previous researchers (Druitt et al., 1999; Vespa et al., 2006; Vaggelli et al., 2012) . In the case of olivine-bearing samples, we chose fallout lapilli one to a few centimetres in diameter that would have cooled rapidly during emplacement, and hence would contain olivine-hosted MIs less likely to be affected by post-eruptive diffusive loss of H 2 O (Lloyd et al., 2013) .
Sample preparation and selection
One or more clasts from each level were crushed and sieved, retaining the fractions between 0Á5 and 1Á0 mm and between 1Á0 and 2Á0 mm. Olivine, pyroxene and plagioclase crystals were handpicked under a binocular microscope, giving priority where possible to euhedral, glass-coated crystals. The MIs selected for study were vitreous (without daughter minerals or heavy oxide dusting), ellipsoidal, isolated (not connected to the crystal surface) and fracture-free (Fig. 2) . Partially crystallized (Konstantinou, 2010) . Druitt et al. (1999) . †Unit name and SiO 2 content from Vaggelli et al. (2009) ; sampled at the location in that paper. ‡Unit name, eruptive phase, and SiO 2 content from Vespa et al. (2006) ; sampled at the photograph locations in that paper. §Details of M6 and M7 given by Druitt et al. (1999) . ol, olivine; px, pyroxene; ox, oxides; hb, hornblende; tr, trace quantities; mph, microphenocryst.
MIs were observed, but not studied. Each crystal was mounted in resin, then polished on one face to expose the chosen MI. The crystal was then extracted, washed in acetone and pressed into indium and coated with gold for secondary ion mass spectrometry (SIMS) analysis. All polishing was done using corundum disks to avoid carbon contamination from diamond powder. Following SIMS analysis, the indium crystal mount was repolished and coated with carbon for major element, sulphur and halogen analysis by electron microprobe.
We also analysed the composition of the host mineral phase immediately in contact with each MI. In olivine or pyroxene, the crystal was spot analysed as close as possible to the MI. In plagioclase, we used back-scattered electron (BSE) imagery to recognize the plagioclase in equilibrium with the MI. Melt inclusions in plagioclase commonly occupy resorption re-entrants that were then sealed up by precipitation of further plagioclase. By analysing the plagioclase shell around the MI, we obtained a true equilibrium plagioclase-melt pair.
Analytical techniques
Major element compositions of MIs were analyzed by wavelength-dispersive spectrometry (WDS) on a CAMECA SX 100 electron microprobe at the Laboratoire Magmas et Volcans, Clermont-Ferrand using a 15 keV, 4-8 nA electron beam with a 10-20 mm spot size and calibrated using international glass standard A99. These conditions avoided significant Na diffusion under the electron beam, as confirmed by test analyses on a single, large H 2 O-rich MI. The host olivine, pyroxene or plagioclase was analysed using a 15 keV, 15 nA focused beam, and calibrated on natural and synthetic minerals.
Volatile contents of the MIs were analysed by SIMS using the IMS 1280 system at the French national SIMS facility (Centre de Recherches Pé trographiques et Gé ochimiques, Nancy) during five analytical sessions: (1) M12 and Minoan; (2) Lower Pumice 1, Lower Pumice Cl were measured at a mass resolution of 7850, with an energy offset of 30 6 10 eV, by ion counting on EM in monocollection mode. A 10 mm Â 10 mm raster was used for 80 s prior to analysis on each spot to presputter through the gold coat and remove surface contamination. The sample chamber vacuum was kept below 2 Â 10 -9 torr using a liquid nitrogen trap. Each analysis consisted of between 15 and 20 scans, with counting times of 4 s per scan on each peak.
Concentrations of H 2 O and CO 2 were calculated using best-fit regressions to plots of H 2 O/SiO 2 vs 16 O 1 H/
30
Si and of CO 2 /SiO 2 vs 12 C/ 30 Si, respectively. We used three sets of experimental standard glasses to calibrate the H 2 O analyses ( Fig. 3): (1) 13 basaltic glasses with 0-5Á7 wt % H 2 O; (2) four dacitic glasses with 0-6Á4 wt % H 2 O; (3) seven rhyolitic glasses with 0-6Á6 wt % H 2 O (Appendix A). These define three distinct calibration curves with slopes increasing as a function of melt polymerization ( Fig. 3a) (Hauri, 2002 We used three sets of standard glasses for CO 2 : a basaltic set containing 0-3800 ppm CO 2 , an andesitic set containing 2600-4300 ppm, and a rhyolitic set containing 15-680 ppm. The andesitic set was synthesized especially for this study in Clermont-Ferrand using a Santorini andesite (Appendix B). These glasses defined three calibration lines with slopes increasing as a function of melt polymerization (Fig. 3b) For S, Cl and F, the SIMS data were calibrated using electron microprobe analyses of a subset of MIs ranging from basaltic to rhyolitic in composition (Fig. 4) .
A separate calibration was used for each SIMS sample batch. The electron microprobe analyses of S, Cl and F were carried out following the technique of Moune et al. (2007) , with a 40 nA sample current, 10 mm beam diameter, and counting times of 200-400 s. To minimize volatile loss during analysis, the beam was blanked regularly with the Faraday cup and counts were collected at 20 s intervals by 10 iterations for Cl and S, and 20 iterations for F. As S speciation can be significantly affected by oxidation state (Moretti & Ottonello, 2005 (Metrich & Deloule, 2014) . No systematic matrix effect was observed as a function of either SiO 2 or H 2 O content, so the same correction was applied to all of the measured compositions, with a calibration error of <8%.
Shrinkage bubbles in six representative MIs in doubly polished crystal wafers were analysed using a Renishaw InVia Raman spectrometer at the Laboratoire Magmas et Volcans, Clermont-Ferrand, to determine whether CO 2 was present at levels above the detection limit. If CO 2 partly partitioned into bubbles during cooling, then the amount present must be 'added back' into the MIs for estimation of the original melt value (e.g. Neave et al., 2014) . The spectrometer was equipped with a Peltier cooled charge-coupled device (CCD) detector and a microscope in confocal setting. The samples were excited by a 532 nm wavelength laser source. The source output power was 1 W for all analyses, and the power on the samples was 30 mW. The counting time was 30 s (three cycles of 10 s). A grating of 2400 grooves per mm was used.
RESULTS
The results are summarized in Table 3 , and are given in full in Supplementary Data Appendix 1.
Melt inclusion textures
The 138 glassy MIs selected for study have maximum diameters of 30-270 mm and minimum diameters of 20-170 mm (Fig. 2) ; 93 are hosted by plagioclase, 32 by olivine, and 13 by pyroxene. A sixth of the MIs contain no shrinkage bubble; most of the others contain a single bubble of diameter 1-55 mm, but some contain multiple bubbles nucleated on the inclusion margins. The majority of bubbles account for <5 vol. % of the MIs, with a few up to 12 vol. %, as typical of shrinkage bubbles. (Table 3) . This is similar to the trends of Santorini whole-rock data (Fig. 5) , which have been successfully modelled by fractional crystallization with minor crustal assimilation (Mann, 1983; Huijsmans & Barton, 1989; Druitt et al., 1999) . Vectors of fractional crystallization, based on phase equilibria experiments performed on Santorini basalt at 400 MPa pressure (And ujar et al., 2015) , reproduce the MI trends (Fig. 5) . Superimposition of MI and whole-rock data in Fig. 5 shows that the MI compositions are representative of typical Santorini magmas. (Papale et al., 2006) and SolEx (Witham et al., 2012) . The Papale algorithm is at http://ctserver.ofm-research.org/ Papale/Papale.php. †Thermometers of Putirka [2008; equations (22) and (24 a)] and Lange et al. (2009) . ‡CO 2 concentration assumed in pressure estimation. §The samples containing these melt inclusions were lost by a commercial transport company following SIMS analysis and before the inclusions and their host plagioclase could be analysed by electron probe. The H 2 O analyses were corrected using this assumed SiO 2 content. ¶Microphenocryst-rich andesitic pumice, which is a minor component in the Minoan products (Druitt, 2014 (Fig. 5b) . Potassium behaves incompatibly in almost all but the oldest (>550 ka) Santorini magmas (Mann, 1983; Huijsmans et al., 1988; Huijsmans & Barton, 1989; Druitt et al., 1999; Gertisser et al., 2009) . This is because K feldspar is absent as a phenocryst phase. We therefore use K 2 O as a proxy for degree of fractional crystallization, but caution that this is approximate because modelling of Santorini magmas requires $10% of crustal contamination to explain the contents of incompatible elements such as K in more evolved compositions (Barton et al., 1983; Druitt et al., 1999) . Another complication is that the content of K (and other incompatible elements such as Th, Rb, Nb and Zr) decreases with time at Santorini (Huijsmans et al., 1988; Fabbro et al., 2013) . Hence in Fig. 5b 
Sulphur and halogens
The S, Cl and F contents of the MI suites are shown in Fig. 6 as functions of K 2 O. Sulphur contents are up to 1200 ppm in basaltic compositions; they decrease rapidly in a nonlinear fashion to $100 ppm in silicic compositions (Fig. 6a) ( Wallace, 2005) . The different MI lineages also show decreasing S with increasing K 2 O; M10 Y/B6 shows the steepest depletion trend, and M12 the shallowest. The overall trend for S resembles those published previously by Michaud et al. (2000) , Gertisser et al. (2009) and Vaggelli et al. (2009) . Chlorine contents range from $500 ppm in basaltic MIs to 2500-6000 ppm in silicic ones, with an overall trend that is almost flat at the mafic end, but that steepens with increasing K 2 O (Fig. 6b) . At the mafic end of the spectrum, MIs from interplinian units M6e, M8-MSF, M7c and M12 form gently sloping arrays parallel to the overall trend. The highest Cl values are from the silicic plinian units (Lower Pumice and Minoan).
The F contents of the MIs range from <100 to 400 ppm in the mafic part of the spectrum, and from 600 to 1000 ppm in the silicic part (Fig. 6c) . Overall the analyses form a linear trend with considerable scatter, in part owing to the large analytical error on this element. Arrays of MIs from single units scatter too much for distinct trends to be recognized. Indeed, MIs from single units plot with a range of F/K ratios. The highest F contents are found in MIs from the silicic plinian units.
H 2 O contents
The variation of H 2 O contents is plotted in Fig. 7a versus K 2 O; the data scatter considerably. That this scatter is real is shown by MIs from the Vouvourlos plinian eruption, which are large and very homogeneous. Seven of these inclusions give H 2 O of 3Á39 6 0Á17 (1r) wt %, which agrees with the uncertainty (65%) on the H 2 O values based on SIMS data calibration.
Water contents in the mafic MIs range from 1Á1 to 4Á3 wt %, and those in silicic MIs from 2Á2 to 6Á9 wt % (Table 3 ). In the five units that yield both bubble-bearing and bubble-free MIs, the range of H 2 O content is essentially independent of whether a bubble is present or not ( Table 3) , showing that little H 2 O was partitioned into the shrinkage bubble upon quench. Moreover, in four units in which both olivine-hosted and plagioclasehosted MIs were analysed, there is no obvious difference in MI H 2 O contents between the two hosts (Fig.  8a) . Only in interplinian unit M10 FS3 are there olivinehosted MIs with H 2 O significantly lower than the plagioclase-hosted MIs, but this is because the H 2 O content of MIs in this unit is positively correlated with K 2 O content, and those olivine-hosted inclusions with the lowest H 2 O are particularly poor in K 2 O. When MIs with the same K 2 O are compared in unit M10 FS3, H 2 O content is independent of mineral host (Table 3) .
MIs from single units form subhorizontal arrays in Fig. 7a , with H 2 O content increasing only very slightly with increasing K 2 O. This is particularly clear for MIs from units M7c, Middle Pumice, M8-MSF and M12. It is also evident from vectors linking closely related pairs of mafic and silicic units such as M6e to M6a and M7c to M7a. MIs of M10-FS3 with <1 wt % K 2 O fall on a steeper positive trend that passes through the origin of the H 2 O-K 2 O plot, whereas those with >1 wt % K 2 O define a horizontal trend (Fig. 7a) .
MIs from the plinian units exhibit a broad range of H 2 O contents over a small range of K 2 O. H 2 O in the 62 MIs analysed from Minoan rhyodacitic pumice ranges from 4Á0 to 6Á9 wt % (Table 3) In general, MIs from the plinian units contain more (>3Á5 wt %) H 2 O than the interplinian ones (<3Á5 wt %). This is true of mafic as well as silicic compositions; the two mafic MIs from the Middle Pumice plinian unit are richer in H 2 O than those from all the mafic interplinian MIs. However, there are two exceptions. First, MIs of the Vourvoulos plinian eruption plot at the limit, and slightly on the interplinian side, and this is consistent with Vourvoulos being the thinnest (and probably least voluminous) of the plinian units recognized by Druitt et al. (1999) . Second, MIs from the AD 726 explosive eruption of Kameni Volcano have H 2 O contents more typical of plinian MIs. The ratio Cl/H 2 O in all the MIs is <0Á15 and increases with SiO 2 content (Fig. 9) .
CO 2 contents
The data for CO 2 are plotted against H 2 O in Fig. 7b . Concentrations of CO 2 in the MIs range from <50 ppm (the detection limit) to 1200 ppm. Contents in most of the mafic MIs are <230 ppm; only olivines of unit M10 FS3 and M10 Y/B6 contain MIs with higher CO 2 . The M10 FS3 and M10 Y/B6 data form parallel, vertical, trends at different H 2 O contents. All silicic MIs contain < 150 ppm CO 2 . No relationship is observed in MIs from Minoan pumice between CO 2 content and position in the crystal or in different mineral phases.
As for H 2 O, there is no significant difference between the CO 2 contents of bubble-bearing and bubble-free MIs (Fig. 8b) . Bubbles in the MIs are empty and lack any CO 2 liquid phase visible under high magnification. The CO 2 contents of shrinkage bubbles from two olivine-hosted mafic MIs (sample M12) and four plagioclase-hosted silicic MIs (samples S12-67 and PKB) were found to lie below the detection limit of our micro-Raman spectrometer; the Fermi couplet typical of molecular CO 2 ($1285 and $1385 cm -1 ) was absent in all six bubbles studied.
D/H isotopic ratios
Hydrogen isotopic ratios of 27 representative MIs (12 olivine-hosted; 15 plagioclase-hosted) with compositions ranging from basaltic to silicic, range from Table 4 .
dD ¼ -37 to -104%, with no evident correlation with either SiO 2 or H 2 O contents (Fig. 10) . MIs from sample M10 FS3, which contain a range of H 2 O contents in both olivine and plagiclase hosts, show no significant variation of dD with H 2 O. Overall the dD values are similar to those of eight Santorini whole-rocks analysed by Druitt et al. (1999) (-54 to -81%); they also lie between the value of mid-ocean ridge basalt (MORB; -80 6 10%) and the estimated value of slab fluids (-34%) (Shaw et al., 2008) . Fig. 11 ).
The calculated temperatures for interplinian MIs decrease from $1150 C to $950 C with decreasing K 2 O content. Silicic MIs from the plinian units yield systematically lower temperatures (down to 800 C) than the interplinian silicic MIs, owing to their higher H 2 O contents. Our only two mafic MIs from a plinian unit (Middle Pumice) give lower temperatures than most mafic interplinians, again owing to their higher H 2 O contents. Overall the temperatures agree with those obtained previously for Santorini from coexisting Fe-Ti oxides, MI rehomogenization, and phase equilibrium experiments (Cottrell et al., 1999; Druitt et al., 1999; Michaud et al., 2000; Cadoux et al., 2014; Druitt, 2014) , although values for intermediate compositions are 50-100 C higher than previous estimates (Fig. 11) . The plagioclase-melt temperatures of Lange et al. (2009) , being slightly higher than those of Putirka (2008) , are less consistent with the temperatures from other methods. We therefore use the Putirka temperatures in calculating volatile saturation pressures.
Volatile saturation pressures
Calculation of H 2 O þ CO 2 saturation pressures requires use of solubility models calibrated within the range of our The dD values agree with those of Santorini whole-rocks (yellow field; Druitt et al., 1999) , and lie within a narrow range of values between those of MORB and slab fluids (Shaw et al., 2008) . The grey lines are models of dD-H 2 O evolution owing to hydrogen diffusion for two representative inclusions (continuous line: S12-59 MI 3, 3Á95 wt % H 2 O, -80% dD, 1077 C, 48 mm MI radius, 300 mm host olivine radius; dotted line: S12-43 MI 4, 1Á75 wt % H 2 O, -109% dD, 1101 C, 32 mm MI radius, 300 mm host olivine radius). The model used was that of Bucholz et al. (2013) ; this shows that none of the olivine-hosted MIs have lost significant H 2 O by this mechanism. Symbols with dots are MIs from unit M10 FS3; all MIs from this unit (either olivine-hosted or plagioclase-hosted) lie in the same dD range, showing that none of the olivine-hosted MIs, which have particularly low H 2 O contents, have lost significant amounts of H 2 O by hydrogen diffusion; the low H 2 O contents are therefore interpreted to be original. MI data. Four main appropriate models exist, as reviewed by Moore (2008) . and Dixon (1997) developed a regular solution model for the solubility of H 2 O and CO 2 in basaltic melts, ranging from tholeiite to nephelinite in composition. The melt composition was accounted for by a compositional parameter P, which in the melts used for the CO 2 calibration in their model ranges from 0Á5 (tholeiitic) to 2Á2 (highly alkaline). The model VolatileCalc (Newman & Lowenstern, 2002 ) is based on pure species solubility data and linear mixing of H 2 O and CO 2 . The program has a model for rhyolite and a model for basalt that is based on the Dixon (1997) formulation, valid for melts with <52 wt % SiO 2 . The basaltic model assumes a linear correlation between SiO 2 content and parameter P of Dixon (1997) . The SolEx program of Witham et al. (2012) for basaltic melts also uses the Dixon (1997) formulation, but with the full parameter P, and it also incorporates partition laws for S and Cl. SolEx is applicable only to basalts ( 53 wt % SiO 2 ). The most complete model is that of Papale (1999) , modified by Papale et al. (2006) , which uses a multivariate regression of a large dataset of published H 2 O, CO 2 and H 2 O þ CO 2 solubility data in melts ranging from basalt to rhyolite in composition.
Moore (2008) compared the results of the VolatileCalc and Papale models against recent experimental data and reached the following conclusions: (1) VolatileCalc (basalt) overestimates saturation pressure P sat in some calcic and calc-alkaline basalts, whereas these can be underestimated by Papale; (2) Papale satisfactorily recovers P sat for a calc-alkaline andesite (57 wt % SiO 2 ) and a dacite (66 wt % SiO 2 ) at 200-400 MPa, whereas VolatileCalc does not; (3) both VolatileCalc (rhyolite) and Papale recover P sat for metaluminous rhyolite to 610% relative. Witham et al. (2012) showed that the Dixon model can overestimate P sat , particularly at >300 MPa, and that Papale can underestimate it, in agreement with Moore (2008) .
Basaltic (<53 wt % SiO 2 ) MIs in our dataset have P values of -0Á8 to þ0Á6, which lie outside the Dixon (1997) CO 2 calibration used by both VolatileCalc and SolEx, and this is in accord with the calc-alkaline nature of Santorini melts. On the other hand, the andesite and dacite modelled well by the Papale model (Moore, 2008) are both very similar compositionally to Santorini melts. Similarly, Santorini rhyolitic melts are metaluminous to very slightly peraluminous, and hence lie within the calibration of VolatileCalc (rhyolite). The total compositional range of our MIs overlaps completely the spread of melt data used by Papale et al. (2006) to calibrate their model.
We apply the following approach to our MI data: (1) P sat for basaltic MIs are estimated using the SolEx formulation of the Dixon model (maximum P sat estimate) and using the Papale model (minimum P sat estimate); (2) P sat values for mafic andesitic MIs are estimated using the Papale model (minimum P sat estimate); (3) P sat for silicic andesitic, dacitic and rhyodacitic MIs are estimated using the Papale model; (4) P sat for rhyolitic MIs are estimated using VolatileCalc (rhyolite) and the Papale model. The resulting H 2 O þ CO 2 pressures are shown in Fig. 12 Fig. 11 . Variation of melt inclusion equilibration temperature, derived from olivine-melt and plagioclase-melt equilibria. For olivine-melt we used equation (22) of Putirka (2008) . For plagioclase-melt we used equation (24a) We include in Fig. 12 a series of 27 MIs analysed by Cadoux et al. (2014) for H 2 O, but not CO 2 . By reanalysing three of their MIs using our standards and calibration technique, we confirmed that the two H 2 O datasets are comparable; the H 2 O contents obtained by us are close to those obtained by Cadoux et al. (2014) , despite slightly different calibration procedures (S09-62f-10 MI 1 5Á27 and 5Á40, S09-62f-10 MI 2 4Á74 and 4Á96, and S09-17 c-1 MI 1 2Á45 and 2Á00, the first value being Cadoux et al.'s wt % H 2 O, and the second being ours). However, because Cadoux et al. selected their MIs prior to analysis in two dimensions, not three dimensions, H 2 O leakage through fractures or surface-connected melt tubes cannot be excluded. We therefore include only their MIs with H 2 O contents higher than our minimum value, on the reasoning that their higher H 2 O values are likely to be original.
The pressures plotted in Fig. 12 assume that total pressure equals the sum of the partial pressures of H 2 O and CO 2 . However, the presence of dissolved S and halogens could increase the actual p sat for given values of p H2O and p CO2 , through
Another way of looking at this is that the presence of S, Cl and F decreases the solubilities of H 2 O and CO 2 , for a given value of p sat . The effect of dissolved S on estimation of p sat in basaltic melts has been discussed by Lesne et al. (2014) . They showed that S contents typical of our MIs (<1300 ppm) will increase the estimated p sat by no more than $20 MPa at redox conditions typical of Santorini magmas (QFM-NNO; Gertisser et al., 2009; Cadoux et al., 2014; Druitt, 2014; And ujar et al., 2015) . This effect can therefore be neglected. The effect of Cl on H 2 O solubility has been studied extensively at 200 MPa (Webster, 2004) . Experiments show that H 2 O solubility is unaffected by <10,000 ppm Cl in basaltic, andesitic and latitic melts (Webster et al., 1999; Botcharnikov et al., 2007; Stelling et al., 2008) . Rhyolitic melts can, however, exhibit greater sensitivity within the range of pressures of interest. For example, H 2 O solubility in a haplogranite melt at 200 MPa can be reduced significantly by Cl contents of >2000 ppm. However, such Fe-free compositions may not be applicable to natural silicic melts (Cadoux et al., 2014) . Botcharnikov et al. (2004) have studied H-O-Cl-S solubility in a natural rhyodacitic melt, and the H 2 O melt contents listed in their Table 3 , although imprecise, suggest a drop in H 2 O solubility of $10% (relative) as melt Cl content increases from 0 to 6000 ppm (the highest content of our MIs). Indeed, this would be consistent with the conclusion of Cadoux et al. (2014) , based on their phase equilibria study of magmas from the four largest plinian eruptions, that Santorini silicic melts are saturated in H 2 O-Cl-rich fluid, but slightly undersaturated with respect to pure H 2 O. The effect of high Cl in our silicic melts would therefore be equivalent to increasing saturation pressure based solely on H 2 O þ CO 2 by an amount equivalent to$10% (relative) of H 2 O, that is to say by a factor of about 1Á2. The solubility of H 2 O in rhyolitic melts is independent of F content up to 6 wt % of dissolved F (Webster, 1990) ; the effect of 1000 ppm in our MIs is therefore negligible in this respect.
INTERPRETATION OF THE VOLATILE DATA Entrapment and post-entrapment modification of MI compositions
Use of MI volatile contents in estimating entrapment depths requires that the MIs record equilibrium melt compositions. Entrapment of the boundary layer at a crystal-melt interface can potentially result in concentrations of slower-diffusing elements in MIs that are higher than equilibrium far-field melt values (Faure & Schiano, 2005) . However, most of our MIs are larger than 40 mm, suggesting minimal boundary layer effects (Lu et al., 1995) . Morever, experiments and modelling of MI entrapment and diffusive re-equilibration show that H 2 O (also K 2 O) diffuses sufficiently fast that values in MIs should record equilibrium values. The measured concentrations of slower-diffusing S, Cl, F and CO 2 could, however, somewhat overestimate equilibrium values.
Volatiles can be lost from MIs following entrapment by leakage along crystal fractures or by diffusion through 3D melt networks connected to the crystal surface (Anderson et al., 1989; Wallace, 2005; Liu et al., 2007; Humphreys et al., 2008) . We exclude loss of significant H 2 O and CO 2 by these processes, because all of the MIs selected were ellipsoidal, isolated, and lacked textural evidence for crystal fracturing.
Melt inclusions within olivine can also lose H 2 O by hydrogen diffusion through the host crystal during syneruptive decompression and posteruptive cooling on timescales as short as a few hours (Hauri, 2002; Chen et al., 2011 Chen et al., , 2013 Gaetani et al., 2012) . MIs in bombs can lose more water than those in lapilli and ash from the same eruption, because the bombs take longer to cool (Lloyd et al., 2013) ; however, even MIs in lapilli and ash can lose H 2 O on the timescale of an eruption (Le Voyer et al., 2014) . Loss of H 2 O from our olivine-hosted MIs by H diffusion during, or after, eruption is believed to be unimportant, for the following reasons. First, the olivine-hosted MIs were all extracted from lapilli-sized (0Á5-1 cm radius) fallout tephra, which would have cooled within a few minutes in the atmosphere (Thomas & Sparks, 1992) . Second, the olivine-hosted MIs have similar H 2 O contents to plagioclase-hosted MIs with the same K 2 O content from the same sample (Fig. 8a) . Third, the MIs lack the heavy magnetite 'dusting' indicative of significant H 2 O loss (Danyushevsky et al., 2002) , and there is no correlation between MI H 2 O content and size (Chen et al., 2011) . Fourth, dD values of a representative subset of MIs lie within a narrow range of values that is similar to that of Santorini whole-rock samples (Druitt et al., 1999) , and that lies between the values of mantle and slab-derived fluids (Shaw et al., 2008) . dD is very sensitive to H 2 O loss by hydrogen diffusion, as H diffuses faster than D, thereby resulting in a large increase in dD (Hauri, 2002; Gaetani et al., 2012; Bucholz et al., 2013) . In Fig. 10 we show two curves for dD increase as a function of H 2 O loss using the H diffusion model of Bucholz et al. (2013) Pressure changes in MIs during ascent and cooling can cause partitioning of CO 2 from melt into bubbles (Anderson & Brown, 1993; Bucholz et al., 2013; Hartley et al., 2014) . CO 2 contents of bubbles in six representative MIs of mafic to silicic composition are below the detection limit of our Raman spectrometer. Assuming a detection limit CO 2 density of $0Á04 g cm -3 as used by Neave et al. (2014) , and 'adding back' the bubble CO 2 in the same way as those researchers, the original CO 2 contents of our MIs could be underestimated by as much as 20-4500 (average 615) ppm. The lack of detection by Raman spectrometry therefore places only weak limits on any CO 2 sequestration into bubbles. More convincing evidence that CO 2 sequestration was minimal is the lack of any systematic differences in CO 2 contents between MIs containing bubbles and those lacking them in the same sample (Fig. 8b) . This is consistent with most bubbles being shrinkage bubbles formed rapidly upon sample quench. Although we cannot exclude some CO 2 loss to bubbles, the effect appears not to have been large. We conclude that our MIs (1) have near-equilibrium H 2 O contents, (2) have not (in olivine) been significantly modified syn-or post-eruptively by the H diffusion mechanism, and (3) have lost minimal CO 2 to retraction bubbles. They therefore provide meaningful information about MI entrapment conditions and pre-eruptive magma storage in the crust.
Behaviour of volatiles in Santorini magmas
The data provide evidence for entrapment of many MIs under volatile-saturated conditions, as typical of arc magmas (Scaillet et al., 2003; Wallace, 2005) . H 2 O dissolved in the MIs increases only very slightly with increasing K 2 O, and much less than expected from incompatibility (Fig. 7a) . This is particularly clear in the case of some of the mafic MI series, which exhibit almost constant H 2 O over a range of K 2 O contents (Fig.  7a) . There are very few occurrence of hydrous crystalline phases in <550 ka Santorini magmas, amphibole occurring only sparsely in some magmatic components of the Lower Pumice 2 and Minoan eruptions (Cottrell et al., 1999; Gertisser et al., 2009; Druitt, 2014) ; so it follows that H 2 O must partition into an H 2 O-rich fluid phase during melt crystallization and MI entrapment.
This conclusion holds even if Santorini magmas experience 'cryptic' amphibole fractionation. Many arc volcanic suites show differentiation trends that are consistent with amphibole fractionation, even if they lack modal amphibole at low pressures (Davidson et al., 2007; Smith, 2014) . Increasing La/Yb and decreasing Dy/ Yb ratios (chondrite-normalized) with increasing SiO 2 at Santorini suggest that amphibole may indeed be a fractionating phase at depth (Gertisser et al., 2009) , it being stable in Santorini basalt at melt H 2 O contents of >4 wt % and temperatures of <1000 C (And ujar et al., 2015) . However, amphibole would have a minimal effect on melt H 2 O content during crystallization, because it contains only $2Á5 wt % H 2 O (Cottrell et al., 1999; Gertisser et al., 2009) . Let us suppose that a parental basalt with 2 wt % H 2 O fractionates by 80% crystallization to a silicic residual melt under H 2 O-undersaturated conditions. Simple mass balance shows that the H 2 O content of the residual melt would be 10 wt % in the case of an entirely anhydrous crystal assemblage, and 8 wt % if amphibole made up a fifth of the crystals. Even if half the crystals were amphibole, the residual melt would still contain 5 wt % H 2 O, so the H 2 O content of amphibole is too low to buffer melt H 2 O at an approximately constant value during crystallization. The H 2 O contents in Fig. 7a remain approximately constant because H 2 O was extracted by an exsolved fluid phase during crystallization under a limited range of pressures (see below). These observations support the previous findings of Cadoux et al. (2014) that plinian silicic melts at Santorini coexisted with an H 2 O-rich fluid phase prior to eruption.
The only melts that may have been volatile-undersaturated are those of basaltic interplinian M10 FS3. MIs of this unit with <1 wt % K 2 O fall on a positive trend that passes through the origin on the H 2 O-K 2 O plot, whereas MIs with >1 wt % K 2 O fall on a flat trend (Fig.  7a) . The least evolved MIs of this sample cannot have lost H 2 O by intracrystalline H diffusion, as their dD values are the same as those of all other MIs (Fig. 10) . We infer that these melts were volatile-undersaturated up to about 1 wt % K 2 O.
On the plot of CO 2 vs H 2 O (Fig. 7b) , the subvertical trend defined by series M10 Y/B6 can be modelled by open-system degassing from a melt with 2-3 wt % H 2 O and !1200 ppm CO 2 (we have assumed $2000 ppm). Two MIs of series M10 FS3 also have elevated CO 2 , and define a similarly steep trend. However, volatile undersaturation of M10 FS3 MIs with <1 wt % K 2 O would rule out degassing. One possibility is that these steep CO 2 -H 2 O trends are due to mixing of shallow-derived, CO 2 -poor melt and deeper-derived CO 2 -rich melt, as observed in other violent strombolian eruptions such as Vesuvius 1944 (Marianelli et al., 1999) and Par ıcutin 1943 -1952 (Pioli et al., 2008 . A further possibility is that they are due to the fluxing of CO 2 from a deeper, nondegassed magma. Further work is required to understand the behaviour of CO 2 in our samples.
Volatile-saturated crystallization of Santorini melts will result in the exsolution of a free vapour phase. The amount of H 2 O and CO 2 exsolved as a function of residual melt fraction can be crudely estimated using measured K 2 O, H 2 O and CO 2 contents of initial and derivative melts. The procedure is described fully in Table  4 , in which we estimate the exsolved vapour contents of residual melts of several of the MI suites. It should be noted that, owing to concomitant crustal assimilation, K 2 O contents at Santorini underestimate F by 15-20% (Druitt et al., 1999) , so that the values of F are probably slightly too low. The results in Table 4 show that, were crystal fractionation and vapour exsolution to take place under perfectly closed conditions, the H 2 O þ CO 2 bubble fractions at 100-200 MPa storage pressures would be 50-90 vol. % in andesitic residual melt and >90 vol. % in dacitic-rhyodacitic residual melt. Of course, retention of such large volume fractions of gas would not be possible. Escape of vapour from residual melt would be inevitable above the bubble percolation threshold of >30 vol. % (Rust & Cashman, 2011) , thereby limiting melt bubble contents to less than this value. Moreover, buoyancy-driven melt-vapour segregation would also take place, particularly in mafic, less viscous, melts. Crystallization in the shallow crust must take place under essentially open-system conditions, with the vapour leaving the melt and either reacting with surrounding rocks, segregating into subsurface gas pockets, and/ or escaping to the surface. This is consistent with the data trend for MI series M10 Y/B6 in Fig. 7b .
The observed variations of S and Cl are also consistent with MI entrapment under open-system, volatilesaturated conditions. S decreases markedly with fractionation whereas Cl increases. Mafic to intermediate MIs from some units (e.g. M7c and M8-MSF) form flatlying arrays on the Cl-K 2 O plot, in a manner similar to H 2 O (Fig. 6b) . The only S-bearing crystalline phase in Santorini magmas is pyrrhotite, which occurs very sparingly in magmas of all compositions. However, although the S content of this phase is 37 wt % (Gertisser et al., 2009) , its abundance in the bulk crystal assemblage ((0Á1 vol %, equivalent to (370 ppm bulk S) is far too low to drive down S along the observed liquid line of descent. Similarly, apatite, which contains 0Á3-1 wt % Cl (Cadoux et al., 2015) , is far too sparse in the bulk mineral assemblage (<0Á1 vol %, equivalent to <10 ppm bulk Cl) to explain the observed Cl liquid line of descent. The variations of S and Cl must therefore be largely controlled by extraction of S and Cl by a free vapour phase, and the removal of that vapour by bubble transfer. The possibility of a free S-Cl-bearing vapour phase has been raised in previous studies of Santorini MIs (Michaud et al., 2000; Gertisser et al., 2009) .
Evolution of S and Cl during open-system, volatilesaturated crystallization can be modelled by a modified Rayleigh distillation law (Villemant et al., 2008) . In such a system there is competition between crystallization, which causes enrichment in S and Cl, and degassing, which causes depletion. If
, where D' is an apparent distribution coefficient modified by concomitant crystallization. If k is the ratio of mass of crystals to mass of exsolved vapour, then the apparent distribution coefficient D' is given by D' ¼ D/(k þ 1) (Villemant et al., 2008) . In Fig. 6a and b we have modelled S and Cl for the different MIs lineages (see figure legend for details). Evolution from basaltic to andesitic compositions can be successfully modelled using D' values of 1Á4-5Á0 for S and 0Á3-1Á0 for Cl. These can be converted to real D values using estimates of k from Table 4 . The resulting values of D (45-120 for S; 12-37 for Cl) are in the range of experimentally measured values for basaltic to andesitic melts (e.g. Scaillet & Pichavant, 2005; Witham et al., 2012) . The success of these models for the evolution of andesite to rhyodacite is less clear. For S, a constant value of D' describes the observed variations across the entire compositional spectrum, from basalt to rhyolite. For Cl, however, dacitic to rhyodacitic melts may be too Cl-rich to be successfully modelled in such a simple manner. For example, whereas the models for Middle Pumice and for M6c-M6a reproduce the most silicic MIs, that for series M7c-M7a does not. More rigorous modelling of Cl variations from intermediate to silicic compositions may need to take into account (1) variations of D Cl with melt and/or vapour composition, and/or (2) enrichment of silicic melts in Cl by processes other than fractional crystallization (e.g. incorporation of seawater; Wallace, 2005) .
S and Cl in melt inclusions of sample M10 FS3 containing <1 wt % K 2 O both behave incompatibly Table 4 ), reinforcing the interpretation that these melts were volatile-undersaturated.
We conclude that most Santorini melts ranging from basaltic to rhyolitic in composition coexisted with a free COHSCl vapour phase at the time of MI entrapment. Typical basaltic melts at Santorini contained up to 2-4 wt % H 2 O, at least 1200 ppm CO 2 , 1200 ppm S, 500 ppm Cl and 100 ppm F ( Figs 6 and 7) ; this is consistent with recent phase equilibria studies that inferred 3-5 wt % H 2 O for the $340 ka Balos basalt (And ujar et al., 2015) . Some basaltic melts with lower H 2 O contents (1-2 wt %) appear to have been volatileundersaturated.
Presence of a hypersaline phase in silicic melts
By comparing the experimental solubility relationships for Cl-bearing silicic melts with their MI data, Cadoux et al. (2014) postulated that some Santorini silicic melts are saturated not only with an H 2 O-rich vapour, but probably also with a hydrosaline liquid (brine). Our extended dataset now allows us to address this same question for the entire range of melt compositions at the volcano.
The solubility behaviour of H 2 O-Cl-bearing silicate melts has been reviewed by Webster (2004) . In a volatile-saturated system, exsolution of a vapour phase is favoured at low Cl/H 2 O melt ratios, whereas higher ratios favour exsolution of a Cl-rich hydrosaline liquid (brine). The critical Cl/H 2 O ratios have been determined experimentally at 200 MPa for melts of a wide range of compositions, including basaltic (critical Cl/H 2 O ratio 0Á55), andesitic and latitic (0Á35), and rhyolitic (topazbearing rhyolite and haplogranite) (0Á05). The solubility data of Botcharnikov et al. (2004) constrain the critical ratio for rhyodacitic melt to be at least 0Á13. The critical ratios increase with decreasing pressure. In Fig. 9 the Volatile-saturated fractional crystallization transforms a unit mass of melt into a mixture of residual melt (mass fraction n m ), solid (n s ) and vapour (n v ), such that n m þ n s þ n v ¼ 1. The mass fraction of residual melt is F ¼ n m , and the ratio of solid to vapour is k ¼ n s / n v . The 
The ratio of solid to vapour is then given by k ¼ (1 -F -n v )/n v . The volume fraction of exsolved vapour within the residual melt is given by
, where the vapour densities q H2O and q CO2 are calculated using the ideal gas law. It should be noted that, owing to concomitant crustal assimilation, K 2 O contents at Santorini underestimate F by 15-20% (Druitt et al., 1999) . D' is an apparent (crystallization-modified) distribution coefficient for S and Cl and is modelled on Fig. 6 ; D is the real distribution coefficient, given by D ¼ D'/(k þ 1) (Villemant et al., 2008) .
Cl/H 2 O ratios of our MIs are compared with these published values. The mafic melts, and most silicic melts, fall beneath the brine saturation field at 200 MPa. It should be noted that decreasing the pressure to <200 MPa would raise the limit of brine saturation, and so reinforce this conclusion. However, the rhyolitic melts of the Minoan eruption lie at the limit of brine saturation at 200 MPa. This supports the conclusion of Cadoux et al. (2015) that the Minoan eruption may have discharged a melt containing a H 2 O-Cl-rich liquid phase, as well as a vapour phase. Melts of the presentday Kameni magmas appear not to be saturated in brine at 200 MPa.
MAGMA STORAGE AND EXTRACTION
Based on (1) the isolated, leakage-free nature of the MIs, (2) the absence of evidence for syn-eruptive or post-eruptive loss of H 2 O or CO 2 , and (3) the evidence for vapour saturation (with the exception of the least evolved MIs of M10 FS3), saturation pressures from MI H 2 O þ CO 2 contents can be recalculated as depths assuming a lithostatic stress field and a geophysically determined mean density of the upper crust ($2640 kg m -3 ; Konstantinou, 2010) (Fig. 12a) . The lithostatic assumption is justified because non-lithostatic stress components in the upper crust, as reflected in earthquake stress releases, are typically a few MPa (Oth, 2013) , and magma excess pressures necessary for reservoir fracturing and dyke propagation to the surface do not exceed $10 MPa (Gudmundsson, 2012) . Both contributions are comparable in magnitude with the error on our pressure estimates (610 MPa; 60Á4 km), and can be neglected. All of our MIs record entrapment in the topmost 10 km or so of the crust (Fig. 12a) . There are two possible explanations for this . One is that Santorini melts become volatile saturated at depths of <10 km, so that ascent under undersaturated conditions from deeper levels leads to resorption of any existing crystals, and only crystals and MIs formed at <10 km are preserved. The other is that crystal growth occurs throughout the crust, but that deep-derived crystals remain long enough above $10 km for volatiles and H isotopes in early formed MIs to re-equilibrate. Crystal growth and MI entrapment in the upper $10 km is envisaged to be driven by a combination of volatile-saturated decompression and cooling as melts rise through progressively lower-pressure and cooler environments.
We interpret the observed range of MI entrapment depths for each eruption (Fig. 12a) in the following way. The deepest observed depth corresponds either to the onset of volatile-saturated crystal growth or to the last level of MI re-equilibration. This is, of course, a minimum estimate owing to possible sampling bias. The shallowest depth corresponds to that at which the ascending magma last paused prior to rapid final ascent and eruption (Fig. 12b) .
Plinian eruptions
Depths given by the four large silicic plinian eruptions (Lower Pumice 1, Lower Pumice 2, Cape Riva, Minoan) are all !4 km (!100 MPa), and span a range of values. They include the best-estimate pre-eruptive depth of $8 km ($200 MPa) for these same four eruptions based on phase equilibria experiments (Cadoux et al., 2014) (Table 1) Table 1 ), as also observed by Cadoux et al. (2014) . Use of VolatileCalc in the Minoan case (the only truly rhyolitic MIs) yields depths up to 9Á6 km (250 MPa), lower than Papale. MIs from a highBa microphenocryst-rich andesitic pumice from the Minoan yield a depth range similar to that of MIs in the main, rhyodacitic pumice. A silicic MI from the Middle Pumice eruption gives 6Á0 km (155 MPa), and two associated mafic MIs from inmixed, basalt-derived olivines in the same pumices give $4-8 km (100-200 MPa), depending on the solubility law used. Only MIs of the Vourvoulos eruption, the smallest plinian event recognized by Druitt et al. (1999) , yield depths of less than $4 km. It should be recalled that pressures and depths based on H 2 O þ CO 2 solubility may be underestimated by up to 10-20% in the most Clrich of silicic MIs.
Our MIs from the four main plinian units therefore record MI entrapment over large pressure intervals (DP, up to 220 MPa) . This has also been reported from large silicic eruptions at other volcanoes. For example, the 760 ka, >600 km 3 Bishop Tuff eruption sampled melts trapped over a pressure interval of DP % 160 MPa, the 26Á5 ka, $530 km 3 Oruanui eruption over DP % 100 MPa, and the 160 ka, >60 km 3 Kos Plateau Tuff eruption over DP % 100 MPa (Wallace et al., 1995; Liu et al., 2005; Bachmann et al., 2009) . There are two possible interpretations for this. Either (1) magmas were extracted simultaneously during eruption from a wide range of storage pressures, or (2) some of the magma was transferred from deep to shallow levels shortly prior to eruption, with some of the MIs retaining a memory of higher pressures.
Constraints from the Minoan eruption
Constraints on these explanations are provided by the Minoan eruption, for which we have analysed the most MIs from a single unit, and for which we have an approximate dense-rock equivalent (DRE) volume estimate (30-80 km 3 ; Pyle, 1990; Sigurdsson et al., 1990; Johnston et al., 2014) . It should be recalled that all but two of our Minoan MIs come from the main ()99%), rhyodacitic magmatic component of the eruption (Druitt, 2014) . The MI-derived pressure-depth data are plotted in Fig. 13 , from which we make the following observations. First, the majority of plagioclase-hosted MIs, and all pyroxene-hosted MIs, derive from an upper layer no more than 2 km thick (from 4 to 6 km depth), with a 'tail' of plagioclase-hosted MIs recording depths between 6 and 10-12 km. Two MIs from the volumetrically minor andesitic component also record depths beneath the main layer. Second, the entire range of depths is recorded in MIs from eruptive phase 1, as well as (to varying degrees) in those from subsequent phases (Fig. 13b) . If the whole depth interval records purely syn-eruptive extraction, then the Minoan reservoir must either have had the form of an upward-flaring funnel, with a wide top at 4-6 km and a narrow root extending to 10-12 km, or the magma must have been stored as a plexus of interconnected melt lenses within a mush body several kilometres thick (e.g. Cashman & Giordano, 2014) . In either of these cases, the early erupted magma (phase 1) would be expected to have come from the shallowest levels, and the last-erupted magma (phase 4) from the deepest levels. However, the entire depth range is recorded in MIs from the first phase, which is not consistent with top-down extraction. Cottrell et al. (1999) used phase equilibria constraints to argue for late-stage ascent of Minoan melt from deeper to shallower crustal levels. Plagioclase crystals in the magma have cores of An 50 6 7 mantled by rims of An 40 6 3 (Cottrell et al., 1999; Druitt et al., 2012) . Cottrell et al. measured MI H 2 O contents of 3Á5-6Á2 wt % in the cores, and inferred (but did not measure) 2Á5-3Á0 wt % in the rims. Our new dataset now includes many MIs from plagioclase rims, and these contain 4Á0-5Á0 wt % H 2 O (Fig. 13c) . They are contained within deep resorption embayments in the cores and surrounded by thin shells of rim plagioclase, visible only on high-resolution BSE images. MIs in the cores have higher contents of H 2 O (4Á6-6Á9 wt %; Fig. 13c ). The data therefore support the hypothesis of Cottrell et al, but refine the source depths.
We infer that the plagioclase cores derive from at least 10-12 km depth, and were transported by ascending silicic melt to a shallow magma chamber (4-6 km) where they were overgrown by the rims. Some core MIs with lower H 2 O probably partly re-equilibrated upon arriving in the chamber. MIs in opx and cpx were either trapped by pyroxene growth in the chamber, or were carried from depth and re-equilibrated upon arrival. Druitt et al. (2012) used Mg-in-plagioclase diffusion chronometry to show that this last event of melt (plus plagioclase cores) transfer from depth occurred within a few decades to a few months of the eruption. Whereas Cottrell et al. (1999) interpreted it as involving the entire Minoan magma volume, Druitt et al. (2012) argued that it may have involved only the most recent batch of a series of deeper inputs during prolonged assembly of the shallow chamber. This interpretation may explain two other features of the Minoan eruption. First, the rhyodacitic magma is extremely homogeneous, both compositionally and thermally (Fe-Ti oxide temperatures), irrespective of eruptive phase, which implies a late-stage homogenization event (Druitt et al., 2012; Druitt, 2014) . Second, the full range of MI entrapment depths from 4 to 10-12 km is recorded by MIs of the first eruptive phase. Because Santorini melts are volatile-saturated at shallow crustal pressures, ascent of silicic melt from 10-12 km to 4-6 km might have resulted in vesiculation. A simple calculation based on the exsolution of 2 wt % H 2 O (from 6Á5 to 4Á5 wt %), a final storage pressure of 130 MPa and the ideal gas law suggests that the melt could have arrived in the shallow chamber with $20 vol. % more bubbles than it started with. This bubbly melt might then have risen buoyantly as a plume to the top of the chamber, causing (1) mixing and homogenization of the chamber contents prior to eruption, and (2) extraction of both deep-derived and shallow-derived MIs during the first eruptive phase.
The MI data, combined with the compositional and thermal homogeneity of the Minoan rhyodacite, show that the magma was stored immediately prior to eruption in a single, sill-shaped chamber <2 km thick, the top of which was situated $4 km beneath the volcano. Assuming that the chamber underlay the entire 45 km 2 caldera (Johnston et al., 2014) , then the DRE volume of the eruption of 30-80 km 3 gives caldera collapse heights from 0Á7 to 1Á8 km, suggesting that much, if not all, of the chamber was extracted during the eruption.
Interplinian eruptions
The cycle 2 interplinian eruptions MI entrapment depths for the cycle 2 interplinian mafic magmas (excluding those of the volatile-undersaturated MIs of M10 FS3, for which total pressures cannot be calculated) range from 1 to 10 km (<50 to 250 MPa) (Fig. 12) . This shows that, although these magmas saturated as deep as 10 km, they stalled at very high crustal levels (1-3 km) prior to final ascent and eruption. Three silicic interplinian eruptions of cycle 2 give saturation depths of $4 km, and pre-eruptive storage depths of 2-3 km (50-100 MPa), both much shallower than the corresponding depths for plinian eruptions of the same cycle [the Vourvoulos eruption, one of the smallest of the plinian eruptions identified by Druitt et al. (1999) , plots with the interplinians]. The differences could be an artefact due to the extra lithostatic load exerted by intracaldera edifices. Intracaldera edifices grow progressively during interplinian periods, are highest prior to plinian eruptions, and are destroyed by caldera collapse prior to the onset of the subsequent interplinian. Associated height changes can reach $750 m, from edifices up to 350 m above sea level (e.g. 67-54 ka Skaros edifice) to caldera floors 300-400 m below sea level (e.g. present-day caldera), corresponding to changes in lithostatic loading of 69 MPa (Fig.  12a) . Given that lithostatic pressure is measured from the top of the volcano, storage pressures during interplinian periods (deep caldera and small intracaldera edifices) might be expected to be slightly lower than those prior to plinian eruptions (high edifices partly or entirely filling calderas) for a given chamber depth below a fixed surface datum (e.g. present-day sea level). However, this 69 MPa lithostatic effect does not seem to be able to account for the observed differences (Fig. 12a) . We therefore conclude that the differences between pre-plinian and interplinian depths are real.
One possible explanation is that the cycle 2 interplinian silicic melts had inherently lower H 2 O contents than the plinian silicic melts, allowing them to ascend higher in the crust before reaching saturation. Another possibility relates to the existence of surface edifices. In addition to increasing vertical stresses in the shallow crust, pre-plinian edifices can increase horizontal compressive stresses, thereby inhibiting dyke ascent (Pinel & Jaupart, 2003) . This effect might cause ascending silicic melts to pond deeper prior to plinian eruptions than during the interplinian periods that follow caldera collapse and consequent release of the edifice-generated horizontal stresses.
The (cycle 3) AD 726 Kameni eruption
Melt inclusions from the AD 726 explosive eruption of Kameni Volcano imply a saturation depth of at least $6 km and pre-eruptive storage depth of $4 km (Fig.  12a) , which is in good agreement with the storage depth estimation of Barton & Huijsmans (1986) using clinopyroxene-plagioclase equilibria for Kameni magmas in general (Table 1 ). The eruption was of much smaller magnitude than the interplinian eruptions of cycle 2 sampled in this study, because its fallout is not observed outside the caldera. The AD 726 magma was stored deeper than those of the cycle 2 interplinian silicic eruptions, near the top of the (presumably now largely crystallized) Minoan chamber. However, Kameni magma is not residual Minoan magma, because it is lower in incompatible trace elements and represents a new batch from depth following the Minoan eruption (Huijsmans et al., 1988) . One possibility is that the Minoan eruption, one of Santorini's largest, resulted in (or was triggered by) modifications of the stress field beneath the volcano that were large enough to cause a change in the ponding level of silicic magma during the subsequent and current interplinian period.
We note that the AD 726 storage depth ($4 km) is similar to depths of Mogi pressure sources calculated for surface uplift of the 2011-2012 unrest period: $4 km [global positioning system (GPS) data; Newman et al., 2012] , 4Á4 þ1Á1/-1Á0 km [InSAR (interferometric synthetic aperture radar) data; Parks et al., 2012] , 3Á3 km (GPS data; Papoutsis et al., 2012) , 6Á5 km (InSAR data; Papoutsis et al., 2012) and 3Á5-3Á8 km (joint GPS and InSAR data; Foumelis et al., 2013) . This reinforces published evidence that the uplift in 2011-2012 was due to shallow magmatic intrusion (Parks et al., 2012 (Parks et al., , 2015 Rizzo et al., 2015) .
PLUMBING SYSTEM ARCHITECTURE AT SANTORINI
Our results, combined with those of other recent studies, allow us to place quantitative constraints on the depths of magma storage and extraction beneath Santorini. They are presented in the form of a one-dimensional, time-integrated petrological image of the plumbing system (Fig. 14) .
The present-day crustal column beneath the caldera is the product of more than half a million years of magmatism. Druitt et al. (1999) estimated that 300-600 km 3 of magma has passed through the crust beneath the caldera, implying that much of the 25 km thick crust has been replaced by variably solid to mushy plutonic residues. We envisage a crustal magmatic system similar to that postulated by Annen et al. (2006) . The system is driven by repeated underplating and injection of the lower crust by basalt, which fractionates in ultramafic to gabbroic mush bodies to more evolved residual melts, accompanied by crustal assimilation. Gravitational compaction of crystal mush layers expels residual melts, which ascend by porous flow to higher structural levels. Percolating melts equilibrate chemically with progressively cooler host environments, leading to continued fractionation and production of more evolved compositions until the melts segregate into dykes and ascend too rapidly for equilibrium to be maintained (Solano et al., 2012) . These melts inject into the upper crust, where they either accumulate as eruptible lenses or crystallize as plutons (Annen, 2009; Gelman et al., 2013; Menand et al., 2015) .
Primary mantle-derived melts at Santorini have up to 9-12 wt % MgO (Nichols, 1978) , at least several wt % H 2 O (And ujar et al., 2015; this study), and a range of trace element and isotopic signatures owing to varying degrees of contamination by subduction fluids and sediment-derived melts (Huijsmans et al., 1988; Francalanci et al., 2005; Bailey et al., 2009; Vaggelli et al., 2009) . Fractionation of these primary melts generates residual melts ranging from basaltic through intermediate to silicic. Three lines of evidence place constraints on the levels at which residual melts separate from their parent mushes. First, typical andesitic melts can be explained as residual melts produced by fractionation of basalt with $50 wt % SiO 2 and 4-6 wt % H 2 O near the base of the upper crust ($15 km; Table 1 ) and (b) the melt inclusion entrapment data from this study. The constraints are combined in the form of (c) a schematic model of the Santorini plumbing system. (d) Lithologies inferred to form the present-day plutonic complex beneath the caldera.
$400 MPa) (And ujar et al., 2015) . Second, silicic melts can be explained by fractionation of andesite in the 8-15 km depth range (200-400 MPa; Andujar et al., in preparation). Third, melt inclusions from the cores of plagioclase crystals in Minoan pumices record ascent of silicic melt batches from depths as great as 10-12 km (present study). These observations suggest that intermediate to silicic melts separate from their parent mushes in the depth interval from 8 to !15 km, then rise rapidly through the upper crust. Nodules of gabbro and diorite brought to the surface by erupting magmas may be samples of cumulates from which evolved interstitial melts have been removed (Druitt et al., 1999) . Most residual melts travel through the upper <10 km of the crust volatile-saturated (Fig. 12) , resulting in crystal growth, MI entrapment, vesiculation and outgassing. During the repose periods that precede plinian eruptions basalt accumulates at depth, generating large volumes of evolved melts by fractional crystallization, crustal assimilation, and defrosting of extant, mushy plutons. Successive melt batches then ascend, via a series of high-flux transfer events, into the upper crust on geologically short timescales (Druitt et al., 2012; Fabbro et al., 2013) , where they amalgamate to form sill-shaped reservoirs of crystal-poor magma in the 4-8 km depth range, perhaps under the influence of horizontal stresses induced by intracaldera edifices. The origin of these melt transfer events is not understood, but they may result from high, transient mantle input rates (Fabbro et al., 2013) , tectonic forcings (Feuillet, 2013) , or spontaneous, gravitationally driven reorganizations of mush layers (Christopher et al., 2015) . The magma chamber of the 30-80 km 3 Minoan eruption was a single lens of well-stirred melt, between 0Á7 and 2 km in thickness (Fig. 13) , that had a late-stage growth spurt within a decade of its eruption (Druitt et al., 2012) . The >10 km 3 magma reservoir of the 22 ka Cape Riva plinian eruption was situated in a similar depth range (Fig. 12) , and was assembled in less than $3000 years (Fabbro et al., 2013) . Caldera collapse during plinian eruptions probably empties most of these magma layers, any residue then crystallizing following eruption-induced decompression.
During interplinian periods of cycle 2, evolved melts accumulated pre-eruptively in small, superficial (1-3 km deep) reservoirs above the main plinian storage levels, perhaps in compositionally heterogeneous cupolas and hyperbyssal complexes. The AD 726 eruption of Kameni Volcano was fed from a small body of dacitic magma situated near the top of the largely crystallized remains of the Minoan magma chamber.
CONCLUSIONS
We have analysed the H 2 O contents of 138 plagioclase-, olivine-and pyroxene-hosted melt inclusions (MIs), along with CO 2 , S, Cl, F and dD in various subsets, from eruptions of the last 200 kyr at Santorini caldera. The aim was to constrain magma storage/extraction depths associated with plinian eruptions, as well as those associated with smaller eruptions that characterize interplinian periods. The sampling focused mainly on the products of explosive cycle 2. The main conclusions are as follows.
1. Mafic MIs contain 1-4 wt % H 2 O and up to 1200 ppm CO 2 ; silicic MIs contain 2-7 wt % H 2 O and up to 150 ppm CO 2 . The high Cl contents (<6000 ppm) and low to moderate S contents (<1500 ppm) of the MIs relative to arc magmas elsewhere are in agreement with the findings of previous studies. 2. The MIs selected for analysis were isolated in olivine, plagioclase or pyroxene phenocrysts, with no textural evidence for leakage. A subset of 27 MIs in olivine and plagioclase has dD values ranging from -37 to -104%, encompassing mantle to slab values, with no evidence for H 2 O loss from olivine-hosted MIs by hydrogen diffusion. There is no systematic difference in CO 2 contents between bubble-bearing MIs and bubble-free MIs within given units, suggesting little sequestration of CO 2 into bubbles. Raman analysis of selected MIs also revealed no detectable CO 2 in bubbles. 3. Santorini parental basalts contain 2-4 wt % H 2 O, !1200 ppm CO 2 , 1200 ppm S, 500 ppm Cl and 100 ppm F. Most MIs, from mafic to silicic, were saturated with a free COHSCl vapour phase at upper crustal pressures, as shown by the compatible behaviours of H 2 O, S and Cl in melt inclusions suites. However, some basaltic MIs have lower H 2 O contents (1-2 wt %), and may have been volatile-undersaturated when trapped. The Minoan magma probably contained an H 2 O-Cl-rich hypersaline liquid phase. 4. The leak-free nature of the MIs and the evidence for volatile saturation allow calculation of H 2 O þ CO 2 saturation pressures using suitably calibrated solubility models, and conversion to depths using a geophysically determined mean density for the upper crust. Saturation pressures of some particularly Cl-rich MIs may be underestimated by 10-20%. Most MIs record entrapment at depths of <10 km, and so provide no information on processes at greater depths. 5. Melt inclusions from plinian eruptions record melt extraction from >100 MPa (>4 km), and over depth intervals of several kilometres. A large dataset of MIs from the rhyodacitic magma of the Minoan eruption shows that MIs trapped in cpx, opx, and the An 40 6 3 rims of plagioclases record pre-eruptive storage within an upper crustal magma layer 2 km in thickness, from 100 to 160 MPa (4-6 km depth). MIs in the An 50 6 7 plagioclase cores, however, record storage at higher pressures, up to 320 MPa (10-12 km). The large depth range recorded by MIs in the Minoan eruption is attributed to late-stage transfer of silicic melt (þ antecrystic plagioclase cores) from the middle crust to a shallow magma chamber, from which the magma was finally erupted. This latestage replenishment event has been previously constrained by diffusion chronometry as having taken place less than about $10 years prior to the eruption. The plagioclase cores were carried from depth in the ascending melt, then overgrown by the rims in the shallow chamber. 6. The Minoan silicic melt may have vesiculated while decompressing from 320 to 100-160 MPa. Injection into the shallow chamber as a buoyant, bubbly plume may have caused mixing and homogenization, explaining (a) the compositional and thermal homogeneity of the Minoan magma, and (b) the wide range of pressures recorded by MIs in plagioclases of the first eruptive phase. 7. Silicic magmas of cycle 2 interplinian periods were stored pre-eruptively in reservoirs situated above the pre-plinian storage levels, possibly in cupolas and hyperbyssal complexes. 8. The depth of the small magma body that fed the AD 726 eruption of Kameni Volcano ($4 km) was similar to those estimated for the pressure source during the 2011-2012 unrest period, lending support to a magmatic origin for the unrest. It lay near the top of the largely crystallized remains of the Minoan magma chamber. 9. Mantle-derived basalt injects into the lower crust below Santorini, where it fractionates in bodies of hot crystal mush. Residual melts of intermediate to silicic composition separate from their parent mushes in the 8 to >15 km depth interval, then ascend through the upper crust, where they either crystallize or accumulate in reservoirs of eruptible, crystal-poor magma. Most residual melts travel through the upper $10 km of the crust volatilesaturated, leading to crystal growth, MI entrapment, vesiculation and outgassing.
stretching vibration of distorted carbonate groups and molecular CO 2 (e.g. Fine & Stolper, 1986; . The concentrations of total CO 2 were obtained by adding the concentrations of each carbon species. These were determined, for each band, using the BeerLambert law (e.g. Fine & Stolper, 1986) . For baseline corrections, we subtracted the spectrum of a CO 2 -free sample of the same glass. Sample thicknesses were measured using a micrometer and compared with measurements obtained by optical microscope in reflected light mode. Densities of the glasses were calculated using the model of Lange & Carmichael (1987) . The molar absorptivity coefficient for the 1515 cm -1 band, which depends strongly on glass composition, was estimated as 261 l mol -1 cm -1 using the Na/(Na þ Ca) value following Dixon & Pan (1995) . This method is more applicable to basaltic compositions, but the obtained value is in agreement with that used by King et al. (2002) for andesitic compositions. For the 2350 cm -1 band, we used a coefficient value of 945 l mol -1 cm -1 determined for Na-Al-Si-O glasses (Fine & Stolper, 1986 ) and used for andesitic compositions (King et al., 2002) .
